INTRODUCTION
Aurora A (AurA) and Aurora B (AurB) are paralogue mitotic serine-threonine kinases. Both are important to mitotic progression, but both their localization and their functions are distinct (Bischoff and Plowman, 1999; Giet and Prigent, 1999; Giet et al., 2005; Ruchaud et al., 2007) .
AurA associates with centrosomes and with centrosome proximal microtubules (Bischoff et al., 1998; Zhou et al., 1998; Kufer et al., 2002) , and both binds to and is activated by TPX2, a microtubule-binding protein that localizes AurA to the mitotic spindle (Kufer et al., 2002) . AurA is required for mitotic entry , centrosome maturation and formation of a bipolar mitotic spindle (Hannak et al., 2001) , for mitotic checkpoint function (Anand et al., 2003; Macurek et al., 2008) , and for accurate segregation of both centrosomes and chromosomes into daughter cells during mitotic exit (Bischoff and Plowman, 1999; Dutertre et al., 2002; Meraldi et al., 2002) .
In contrast, AurB exhibits passenger protein behavior, first associating with the inner centromere, then separating from centromeres to relocate to the spindle midzone during cell cleavage. It binds to and is activated by INCENP, another passenger protein (Cooke et al., 1987; Adams et al., 2000; Bishop and Schumacher, 2002; Honda et al., 2003; Sessa et al., 2005) . AurB is absolutely required for spindle assembly checkpoint function, correct chromosome segregation, and for cell cleavage (Andrews et al., 2003; Carmena and Earnshaw, 2003; Meraldi et al., 2004; Jeyaprakash et al., 2007; Ciferri et al., 2008; Fuller et al., 2008; Jelluma et al., 2008) .
Despite their structural similarities, the two proteins have unique spectra of binding partners (Tien et al., 2004) and of phosphorylation substrates (Meraldi et al., 2004; Ohashi et al., 2006) . We and others have addressed how these distinct localizations and functions arise in two similar paralogues. Although the central catalytic domains of AurA and AurB share substantial homology, the N termini of the two proteins are highly divergent (see Figure 1 for alignment comparison). Crystal structure analysis of AurA demonstrates that its interaction with the N-terminal region of TPX2 occurs in the small lobe of the catalytic domain (Bayliss et al., 2003) . AurB binds a strongly conserved region of INCENP, the IN-box, and structural analysis indicates this interaction occurs in a region of the catalytic domain that overlaps with that required for TPX2 binding to AurA (Sessa et al., 2005) . The glycine 198 (G198) residue of human AurA is required for association of AurA with TPX2 (Kufer et al., 2002; Bayliss et al., 2003 Bayliss et al., , 2004 Eyers et al., 2005) .
We have searched previously for the sequence requirements for the distinct targeting and functions of Auroras A and B, by using a procedure of verified suppression of a protein and its rescue by a mutant in the same cell (Scrittori et al., 2005) . Although it would be reasonable to assume that the divergent sequences relate to the highly divergent func-tions of the two proteins, we established that the N terminus of AurB was apparently dispensable for its mitotic functions. Although the C terminus of AurB was important to its function, substitution of C-terminal AurA sequence could restore AurB activity (Scrittori et al., 2005) . A chimeric AurB protein with both AurA N and C termini was as functional as AurB. Despite the substantial divergence of N-terminal sequence between the two proteins, our result strongly suggested that key residues that distinguished AurA from AurB function were present uniquely in the catalytic domain. These previous results are summarized in Figure 1A . Sessa et al. (2005) clarified the role of the C-terminal extension in Aurora function, demonstrating that it folded back to stabilize an open conformation in the catalytic cleft. They noted that the AurB:INCENP complex was remarkably different from the AurA:TPX2 complex, suggesting that a switch of binding partners and of function between the two proteins would be difficult to obtain by single site mutation.
In this work, we have determined the domain requirements that would cause AurA to function as AurB, or AurB to function as AurA. Substitution of G198, the catalytic domain residue critical to AurA interaction with TPX2, with the aligned AurB asparagine 142 (N142) strikingly caused AurA to suppress TPX2 binding and instead bind IN-CENP. This single mutation caused AurA to function like AurB, restoring both correct chromosome segregation and normal mitotic exit in AurB-suppressed cells. The inverse, mutation of AurB N142 to the aligned AurA glycine residue neither suppressed INCENP binding nor permitted TPX2 binding. We also assayed N-terminal truncations and chimeras and determined that the N terminus of AurA plays a clear, but not dominant, role in centrosome localization.
Our major conclusion is that, despite the complexity of differences between AurA and AurB interactions with their binding partners (Sessa et al., 2005) , AurA will functionally substitute for AurB after a single residue change in the TPX2 binding site, that results in loss of TPX2 binding and gain of INCENP binding. Because the single residue change affects only AurA binding to INCENP, our results permit the further conclusion that Aurora binding to INCENP is both necessary and sufficient to generate correct Aurora interactions with other binding partners and with substrates at the kinetochore. The binding of AurA to INCENP restores both AurB dependent kinetochore function and AurB function in cell cleavage.
MATERIALS AND METHODS

Analysis of Protein Structure
The two three-dimensional (3D) structures used: human AurA/ADP complex (Protein Data Bank [PDB] code 1MQ4) (Nowakowski et al., 2002) and Xenopus AurB/INCENP complex (PDB code 2BFX) (Sessa et al., 2005) were retrieved from the PDB (Berman et al., 2000) . Superposition and analysis of the structures were performed using TURBO FRODO (Roussel et al., 1990) . The surface accessibility of each amino acid residue in the 3D structures was computed with the DSSP program (Kabsch and Sander, 1983) .
Cell Culture and Transfection
All work was done in HeLa cells in culture except for HCT116 cells used for immunoprecipitation ( Figure 6 ). The techniques for suppression of endogenous AurB by small hairpin RNA (shRNA) and its functional rescue by Aurora mutants through cotransfection in the same cell, and the antibodies and techniques used for the immunofluorescence microscopy, are all as described in Scrittori et al. (2005) . Rabbit polyclonal to INCENP, a generous gift from Dr. Gruneberg (University of Liverpool, Liverpool, United Kingdom), was used at 1000-fold dilution. For quantitative purposes, 48 h after transfection, randomly cycling cells were stained for DNA and quantitated by microscopy for binucleate or multinucleate status, to indicate the percentage of mitotic failure that had occurred in this time period. Usually, four different coverslips and at least 80 cells per coverslip were counted for each of the cDNA Aurora kinase constructs used.
Microscopy
Images were collected with an MRC-600 laser scanning confocal apparatus (Bio-Rad Laboratories, Hercules, CA) coupled to an Optiphot microscope (Nikon, Tokyo, Japan), and with a 510 laser scanning confocal apparatus (Carl Zeiss, Jena, Germany) with a 60 ϫ oil immersion objective. Images were also acquired with an inverted IX81 epifluorescence motorized microscope (Olympus, Tokyo, Japan) equipped with a motorized piezo stage (Ludl Electronic Products, Hawthorne, NY) and a Retiga-SRV charge-coupled device camera (QImaging, Surrey, BC, Canada) driven by VOLOCITY software (Improvision, Coventry, United Kingdom) with a binning of 1, using a PlanApo 60 ϫ numerical aperture 1.42 objective (Olympus). After deconvolution, images were processed in Photoshop version 7.0 (Adobe Systems, Mountain View, CA) and assembled in CANVAS version 8.0 (Denaba Systems, Miami, FL).
Glutathione Transferase (GST) Pull-Down Assay
GST pull-down assays were performed as described previously (Hagemeier et al., 1994) . GST-IN-box (GST fused to the IN-box of the human INCENP protein) (amino acids 826-919) was from Millipore (Billerica, MA).
35
S-labeled proteins were produced in rabbit reticulocyte lysate from the different pcDNA-hemagglutinin (HA) plasmids encoding wild-type and mutated AurA and AurB regions, by using the TNT transcription/translation kit (Promega, Madison, WI) and [ 35 S]methionine (GE Healthcare, Little Chalfont, Buckinghamshire, United Kingdom). The GST-IN-box was immobilized on glutathione beads and incubated with the different 35 S-labeled proteins. After pull-down, bound material was subjected to SDS-polyacrylamide gel electrophoresis (PAGE) and autoradiography. All input lanes were equally loaded, as were all pull-down lanes. The loading of input lanes was uniformly one fifth the loading of pull-down lanes.
Coimmunoprecipitation Assays
HCT166 cells were transfected with the different pcDNA Aurora kinase constructs (encoding HA fusion proteins) by using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA) according to manufacturer's protocols. Twenty-four hours after transfection, cells were blocked overnight in mitosis with 40 ng/ml nocodazole (Sigma-Aldrich, St. Louis, MO). Mitotic cells were harvested by mitotic shake off, and cells were extracted with radioimmunoprecipitation assay (RIPA) buffer supplemented with 50 mM NaF, 0.5 mM ␤-glycerophosphate, 0.1 phenylmethylsulfonyl fluoride, 10 g/ml aprotinin, and 10 g/ml leupeptin. Lysates were centrifuged for 30 min at 13,000 ϫ g, and 400 g of the supernatant was incubated with 30 l of protein G-Sepharose beads for 2 h at 4°C to eliminate the nonspecific binding. Each cleared extract was then incubated with 30 l of protein G-Sepharose coupled to anti-HA (HA.11 monoclonal antibody, Affinity Matrix; Covance Research Products, Princeton, NJ) overnight at 4°C, washed three times with RIPA buffer, and then resuspended in 1 ϫ SDS-Laemmli sample buffer and boiled. After SDS-PAGE electrophoresis and transfer to nitrocellulose, immunoprecipitated proteins were detected with polyclonal antibodies to Aurora A (Cell Signaling Technology, Danvers, MA) diluted 1000-fold, AurB (ab2254; AbCam, Cambridge, United Kingdom) diluted 1000-fold, and TPX2 (Bethyl Laboratories, Montgomery, TX) diluted 5000-fold. Exposure to horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin G secondary antibody (Kirkegaard and Perry Laboratories, Gaithersburg, MD) diluted 5000-fold was for 1 h, and blots were washed and subsequently developed with enhanced chemiluminescence (Pierce Chemical. Rockford, IL).
Kinase Assays
Recombinant Xenopus laevis full-length histones were produced and purified as described previously (Luger et al., 1999) . For kinase assay, 0.5 g of recombinant His-Aurora kinase was added to 30 l of kinase buffer (50 mM Tris, pH 7.4, 10 mM MgCl 2 , 1 mM EGTA, and 1 mM dithiothreitol) containing 3 g of recombinant substrates. After addition of 20 Ci of [␥-32 P]ATP, the reaction was allowed to proceed for 30 min at 30°C. Proteins were separated on SDS polyacrylamide gel, and the gel was dried and processed for autoradiography.
RESULTS
Aurora-A with G198N Substitution Rescues Aurora B Location and Mitotic Function
Our previous work (Scrittori et al., 2005) , using shRNA resistant AurB and Aurora A and B chimeras, suggested that specific sequences within the conserved catalytic domain must be critical for distinctive AurA and AurB localization and function ( Figure 1A) . Consistent with this, overexpressed HA-tagged wild-type Aurora A did not localize to centromeres, but to centrosomes, in the absence of Aurora B, and other passenger proteins were distributed throughout the chromosomes rather than on centromeres. These results suggested that Aurora A cannot replace Aurora B in the passenger protein complex (Supplemental Figure 1) .
Data from other groups have provided evidence that the patterns of localization of both kinases are strictly dependent on unique catalytic domain binding partners (Carmena and Earnshaw, 2003; Fu et al., 2007) , indicating that unique catalytic domain sequences are crucial for selective interactions with binding partners that determine localization. With this in mind, we first sought to examine the structural differences between the catalytic domains of AurA and AurB kinases with the goal of determining how AurA might be made to bind INCENP. The crystal structures of the catalytic domains of AurA with bound TPX2 (Bayliss et al., 2003) , and of AurB with a bound IN-box INCENP fragment (Sessa et al., 2005) , have been solved. Using computer model docking to analyze the surface accessibility of amino acid residues of native and complexed forms of AurB, we searched for key residues in AurB that were critical for INCENP binding. Of 29 candidate residues (Sessa et al., 2005) , nine were different from AurA. Of these only two Xenopus AurB residues, phenylalanine 88 (F88) (equivalent to human AurB F72) and N158 (equivalent to human AurB N142), displayed clear chemical differences from aligned residues in AurA, and the corresponding AurA residues created substantial clashes for INCENP docking.
A crystal structure model ( Figure 1B , left) shows human AurB (green) in complex with INCENP (blue). The two key INCENP binding residues on AurB identified by our analysis are indicated with red dots. A close view of Xenopus AurB-N158 interacting with INCENP through multiple hydrogen bonds is also shown ( Figure 1B , right). We estimated that modification of the AurA-G198 residue to the corresponding Asparagine would generate a reduction of ϳ5-9 kcal/mol in the interaction energy between Aurora and INCENP, based on the binding energy of 3 kcal/mol for a hydrogen bond in a protein backbone (Shulz and Schirmer, 1979) . Interestingly, it was shown previously in vitro that substitution of G198 to Asparagine prevented AurA from binding to TPX2 (Bayliss et al., 2004) . Structural analysis of the AurA TPX2 complex argued for a conformation of the activation loop of the kinase that is stabilized in the presence of TPX2 and ready to accept the substrate (Bayliss et al., 2004) . Furthermore, a similar mutation in Xenopus AurA resulted in a kinase with lower in vitro intrinsic kinase activity matching that of AurB activity in the absence of any binding partners (Eyers et al., 2005) .
For molecular analysis, we used an approach that we established previously (Scrittori et al., 2005) that combines shRNA induced suppression of native AurB with expression of AurB mutants in the same cell. As we reported previously (Scrittori et al., 2005) , at 48 h after transfection with AurB shRNA, 46 Ϯ 1% of all mitotic cells are negative for AurB and this suppression persists to 72 h. As a result, 28 Ϯ 4% of the shRNA-treated total cell population is bi/multinucleate at 72 h versus 3% of the untreated cells.
Importantly, as demonstrated previously (Scrittori et al., 2005) , double transfection with AurB shRNA and wild-type AurB rescue plasmid (HA-AurB*, fully described below) completely rescues AurB function. Thus, 5 Ϯ 2% of doubletransfected cells are multinucleated versus 3 Ϯ 3% of controls at 48 h. These results have validated the approach and permitted the conclusion that each cell that accepts the shRNA plasmid also incorporates the rescue plasmid, permitting genetic rescue analysis on a cell-by-cell basis.
We used the suppression and rescue approach to determine the effect of mutation of AurA residues to their AurB complements. First, we asked whether F72 or N142 were key residues for INCENP binding, centromere targeting, and function for AurB. We found that mutation of W128 of AurA to the aligned phenylalanine (F72) of AurB was without effect on AurA localization or function (data not shown). In contrast, mutation of G198 to the aligned asparagine caused a dramatic change in AurA. In the absence of AurB, ectopically expressed HA-tagged AurA-G198N localized correctly to the centromeres at metaphase and to the spindle midzone in anaphase/telophase ( Figure 1C ). There were no apparent deficits in mitotic progression that are normally evident in the absence of AurB (Figure 2A ). Comparison of AurA-G198N to CREST anti-centromere serum showed that the mutant AurA localized to the inner centromere at metaphase, the normal position of a passenger protein ( Figure  1C , inset). In anaphase, AurA-G198N separated from the centromeres stained with CREST serum, and relocalized at the spindle midzone, mimicking the distribution of native AurB ( Figure 1C ). Quantitation showed that when AurB suppression was combined with AurA-G198N mutant rescue, 69 Ϯ 2% of mitotic cells that expressed AurA-G198N contained AurA on centromeres, versus 0% of cells rescued with wild-type AurA.
Suppression of AurB by shRNA ( Figure 2A ) inhibits localization of the passenger proteins to centromeres, causing redistribution of survivin, telophase disc 60 (TD60), and INCENP to the whole chromosome (Figure 2A ), whereas rescue of AurB suppression with the shRNA resistant HAAurB* leads to correct inner centromere targeting of AurB itself and AurB partners such as survivin, TD60, and IN-CENP ( Figure 2B ; Scrittori et al., 2005) . HA-AurB* is HAtagged AurB, mutated so it cannot be shRNA suppressed nor identified with an antibody to AurB N terminus but is otherwise wild-type in function, as described in Scrittori et al. (2005) . Cells transfected both with shRNA plasmid targeting AurB and with plasmid expressing AurB* can thus be identified as both lacking native AurB and, using HA-antibody, as expressing HA-AurB*. We have demonstrated previously that HA-AurB* fully rescues AurB localization and function (Scrittori et al., 2005) . All rescue experiments with AurB are conducted with shRNA-resistant AurB*. Because AurB* behaves as native AurB (Scrittori et al., 2005) , further text does not explicitly mention its use.
Interestingly, rescue of Aurora B suppressed cells by AurA-G198N also rescued correct localization of survivin, TD60, and INCENP, which colocalized with AurA-G198N at the position normally occupied by AurB both on metaphase centromeres and at the spindle midzone during anaphase and telophase ( Figure 2C ). These results demonstrate that construction of the entire passenger protein complex at the kinetochore critically depends on INCENP binding to Aurora, and that other than capacity to bind INCENP, there is no specific constraint on Aurora sequence that clearly distinguishes AurB from AurA as a passenger protein.
The localization of AurA-G198N to centromeres and to the spindle midzone, and rescue of passenger protein localization after AurB suppression, suggested that AurA-G198N could rescue AurB function in chromosome segregation and cell cleavage. If so, AurA-G198N rescue of AurB suppression should retain normal cell morphology after mitosis, reflected in the presence of mononucleate cells. We therefore quantitated the effect of rescue on the generation of binucleate and Amino acid identity between the two kinases is marked in yellow. Green lines indicate chimeras of AurA sequence swapped onto AurB catalytic domain that retained AurB function (Scrittori et al., 2005) . The red line indicates an AurB deletion that suppressed AurB function (Scrittori et al., 2005) . The green box indicates the AurB asparagine residue exchange into AurA residue G198 that created AurB function. (B) Structure of Xenopus AurB/INCENP complex (Sessa et al., 2005) Figure 7D) shows that AurA-G198N rescued AurB suppression with efficiency similar to AurB* rescue, because it restored normal cell cleavage and maintained the mononucleate cell population.
Correct localization of AurB to the inner centromere has been shown to result from interaction with INCENP (Klein et al., 2006) . Because the residue substitution was designed to enable AurA to interact with INCENP, we conducted an in vitro pull-down assay of the capacity of different 35 S-labeled AurA and B constructs to bind the GST-IN-box of INCENP after their in vitro transcription/translation. The results show full-length AurA-G198N binds the GST-IN-box of INCENP, as does the AurB control, whereas, as expected, wild-type AurA kinase does not bind ( Figure 2D ). We conclude that the single residue substitution G198N in AurA transforms AurA into an INCENP binding protein that is competent to localize and function as AurB in mitosis.
A previous report showed that the substitution of G198 to asparagine (N) prevented AurA from binding to TPX2 in vitro (Bayliss et al., 2004) . Our in vitro results demonstrate that this substitution is also, remarkably, sufficient to create the appropriate protein interface required for . Centromeres were identified with CREST antiserum, which recognizes centromere specific antigens. Enlarged inset (bottom right) shows AurA-G198N (green) localized to inner centromeres, between CREST centromere markers (red). In anaphase (bottom images), AurA-G198N (HA stain) localizes to the spindle midzone, duplicating native AurB distribution (Scrittori et al., 2005) . Blue is Hoechst stain for DNA. INCENP binding. Structural analysis of the AurA TPX2 complex argued for a conformation of the activation loop of the kinase that is stabilized in the presence of TPX2 and ready to accept the substrate (Bayliss et al., 2004) . The apparent binding of INCENP to AurA-G198N in vitro and the observed rescue of AurB suppression by AurA-G198N in our cell-based assays provide evidence that the AurA-G198N kinase is active in cells. We confirmed that AurA-G198N is active, because it is competent to phosphorylate histone H3 (see Figure 7) .
The result suggests that the binding of INCENP to AurA-G198N not only drives the kinase toward its proper localization but also may confer stability to the activation loop of the kinase in the extended conformation even in the absence of TPX2 by a mechanism similar to the allosteric mechanism of activation of AurB bound to the INCENP IN-box motif, as described previously (Sessa et al., 2005) .
Aurora B with N142G Substitution Affects Neither Aurora B Location Nor Mitotic Function
Given the unexpected capacity of AurA-G198N to rescue AurB suppression, we tested whether mutation of the critical N142 on AurB to glycine would yield a corresponding loss of AurB function in rescue experiments consequent to a loss of INCENP binding and, furthermore, if it would bind TPX2 and translocate to the centrosome.
Remarkably, despite the clear requirement for asparagine mutation to transform AurA into an INCENP-binding protein, HA-AurB-N142G rescued suppression of Aurora-B. Indeed, AurB-N142G remained fully competent to associate with centromeres in early mitosis and to migrate to the spindle midzone during anaphase ( Figure 3A) . Furthermore, other passenger proteins, survivin and TD60, also retained correct cell localization in AurB-N142G rescue cells. In vitro pull-down assays confirmed that AurB-N142G binds to INCENP at levels comparable with AurB or AurA-G198N ( Figure 3B ). We conclude that although N142 of AurB is important to INCENP binding, other IN-box binding residues of AurB must be sufficient to compensate for its absence, retaining INCENP binding capacity. Furthermore, we found no evidence that AurB-N142G even partially relocates to the centrosome, nor does it bind TPX2 (see Figure 7A) . As a consequence, although AurA can be transformed into functional AurB by a single residue substitution, the inverse mutant does not transform AurB into functional AurA. Indeed, quantitative analysis of capacity of AurB-N142G to substitute for AurB showed the mutation did not interfere with its ability to rescue AurB function (see Figure 7D) . 
Role of the Aurora N Terminus in Protein Localization
We had previously demonstrated that the absence of the N-terminal region of AurB did not negatively affect AurB rescue (Scrittori et al., 2005) . Indeed, neither N-terminal truncation of AurB nor substitution of the N terminus of AurB with N-terminal sequence of AurA affected AurB function. As seen previously (Scrittori et al., 2005) , the mitotic distribution of a chimera of N-terminal AurA coupled to Cterminal AurB is that of a passenger protein ( Figure 4A ), although the N-terminal part of AurA alone localizes to the centrosome (Giet and Prigent, 2001) .
To reconcile these apparently contradictory data, we constructed and expressed this N-terminal AurA and C-terminal AurB chimera, also containing the AurB INCENP binding site N142G mutation (AurA 1-133 -AurB 78-344 (N142G)). Expression of this construct showed a protein distribution intermediate between that of AurA and that of AurB. In different cells, either centrosome or centromere staining predominated, or both occurred simultaneously ( Figure 4B) . In cleaving cells, midbodies were stained. This result permitted two conclusions. First, although the N terminus of AurA is important for Aurora localization to centrosomes, the kinetochore targeting capability of the catalytic domain is dominant for chimera localization ( Figure 4A ). Second, although the N142G substitution in the catalytic domain is of no apparent consequence in full-length AurB, the combination of the N terminus of AurA with the N142G substitution results in centrosomal targeting in addition to kinetochore targeting.
Centrosome localization of the AurA 1-133 -AurB 78-344 (N142G) chimera, however, is not associated with loss of INCENP binding because this chimera binds in vitro to the GST-IN-box ( Figure 4D) . A possible contributing factor in the redistribution of the AurA 1-133 -AurB 78-344 (N142G) mutant could be the lack of the AurB N terminus. To test for this possibility we constructed an AurB-⌬66 N-terminal truncation-N142G mutant and assayed its distribution in rescue of cells where endogenous AurB had been suppressed with shRNA. This mutant showed the same distribution in mitotic cells as wild-type AurB, and it colocalized with the passenger proteins TD60 and survivin ( Figure 4C ). Most importantly, the AurB-⌬66 N-terminal truncation-N142G mutant behaved like wild-type AurB in rescue experiments, by the criterion of absence of bi/multinucleate cells (see Figure 7D ).
GST-IN-box pull-down ( Figure 4D ) showed that the different AurA/AurB chimeras (AurA 1-133 -AurB 78-344 ; AurA 1-133 -AurB 78-344 -N142G) and AurB mutants (AurB-⌬66 N-terminal truncation; AurB-⌬66 N-terminal truncation-N142G) all bound INCENP in vitro, in accord with microscopy results. Although the AurA 1-133 -AurB 78-344 -N142G chimera partially redistributed to centrosomes, it associated well with INCENP ( Figure  4D ) but not with TPX2 (see Figure 6 ).
The results with the AurA 1-133 -AurB 78-344 -N142G mutant suggested that the N terminus of AurA is important to tethering AurA to the centrosome. To test this possibility, we rescued AurB shRNA suppressed cells with an AurA-⌬120 N-terminal truncation construct. The result ( Figure 5A ) was striking. AurA-⌬120 shows no association with centrosomes but instead redistributes to centromeres ( Figure 5A ). We assayed whether AurA-⌬120 would bind INCENP, and we found, remarkably, that redistribution to the centromere occurs in a mutant that does not bind INCENP ( Figure 5C ). It was further surprising that the AurA-⌬120 mutant did not leave centromeres in anaphase and therefore lacked typical passenger protein mitotic behavior.
It is noteworthy that AurA-⌬120 binds to the kinetochore, rather than the inner centromere site of passenger proteins such as AurB ( Figure 5A , CREST, inset). Furthermore, other passenger proteins such as survivin associated with the whole chromosome rather than the centromere with AurA-⌬120 rescue ( Figure 5A ). This strongly suggested that the catalytic domain of AurA has the "information" to bind to kinetochores and that INCENP is apparently necessary for the relocation from the kinetochore to the inner centromere. To test this, we created an AurA-⌬120-G198N mutant and studied its localization and capacity to rescue AurB suppression. This mutant, in contrast to AurA-⌬120, showed typical passenger protein localization ( Figure 5B) , and was able to bind INCENP ( Figure 5C ). Importantly, at metaphase, the AurA-⌬120-G198N mutant apparently localized to the inner centromere, thus lying between the two CREST kinetochore signals in Figure 5B . In addition, all the passenger proteins in cells lacking endogenous AurB and expressing AurA-⌬120-G198N mutant exhibited proper protein passenger localization yielding signals that overlapped with AurA-⌬120-G198N ( Figure 5B) . We conclude that a single G198N substitution in the catalytic domain of AurA creates the condition for localization to the inner centromere of both Aurora and the other passenger proteins. Figure 2D .
We have assayed for the capacity of different Aurora constructs to bind to TPX2. Just as AurA-⌬120 did not bind INCENP, and yet localized to centromeres (Figure 5 ), we found that although AurA 1-133 -AurB 78-344 -N142G localized to centrosomes ( Figure 4B ), it did not bind TPX2 (Figure 6 ). Indeed, no Aurora N142 or G198 mutant tested detectably bound TPX2 (Figure 6 ), regardless of localization, under conditions where wild-type AurA binding was evident (Figure 6 ). In addition, the intracellular mitotic spindle distribution of the TPX2 was not affected by the expression of the different Aurora mutants (data not shown).
Mutant Rescue of Mitotic H3 Phosphorylation and Mitotic Exit after AurB Suppression
If the single residue AurA substitution mutant is indeed transformed into an AurB kinase, then it should substitute for AurB catalytic activity. Because AurB is responsible for phosphorylation of residue S10 on histone H3 during mitosis (Goto et al., 2002; Soncini et al., 2006) , we analyzed the phosphorylation status of S10 upon AurB depletion and rescue.
Depletion of AurB with shRNA, abolishes S10 phosphorylation on histone H3 as expected ( Figure 7A , no rescue). Rescue of AurB depletion with the AurB dead kinase K106A restores proper kinetochore localization of the mutant kinase but not histone H3S10 phosphorylation. In contrast, AurB wild-type and AurB-N142G mutants rescue H3S10 phosphorylation. In accord with in vitro Aurora kinase assays (Figure 7 , B and C), AurA-G198N and AurA-⌬120-G198N mutants rescue AurB suppression and restore histone H3S10 phosphorylation ( Figure 7A) .
We also determined the ability of the different Aurora kinase constructs to rescue proper mitotic exit in cells where native AurB had been suppressed with shRNA ( Figure 7D ). AurB-K106A dead kinase did not rescue the absence of AurB and serves as the control for inability to properly exit mitosis, as scored by accumulation of bi/multinucleate cells that result from mitotic and cell cleavage errors. The ϳ52% mitotic failure rate obtained with AurB-K106A dead kinase rescue is consistent with the overall 46% of cells in which AurB expression was observed previously to be suppressed by shRNA (Scrittori et al., 2005) . In contrast, AurA-G198N and AurA-⌬120-G198N, which bind INCENP ( Figure 5C ), rescued mitotic exit in a manner statistically indistinguishable from wild-type AurB ( Figure 7D ).
DISCUSSION
We have identified key sequences that enable AurA and AurB to localize to specific cellular sites and to respectively function in their unique and distinctive roles. To identify the key residues required to alter AurA to function as AurB, or for AurB to function as AurA, we used an approach we developed previously that enables simultaneous suppression of native AurB and rescue with AurA or AurB mutants in the same cell (Scrittori et al., 2005) . Importantly, each cell that received a plasmid for shRNA expression also received a plasmid for mutant rescue.
The validity of this work rests, to some extent, on the expression levels of the rescue constructs relative to the expression of endogenous AurB. For example, a much higher level of relative expression of AurA-G198N than wild-type AurB could overcome a much weaker binding affinity. This is not the case. Western blots of cells transfected with different AurA mutants show they express the mutants at similar, or somewhat lower, levels than the level of endogenous protein in mitotic cells (Supplemental Figure 2A ), using our transfection conditions. Likewise, AurB mutants are expressed at levels similar to that of wild-type AurB in mitotic cells (Supplemental Figure 2B) .
Our most striking result using this approach, was that modification of a single residue, G198, in human AurA to the corresponding aligned N142 residue in human AurB is sufficient to apparently transform the mitotic localization of the mutated protein from that of AurA to that of AurB. Furthermore, after suppression of native AurB, the other passenger proteins that associate at the kinetochore with AurB are also found to associate with AurA-G198N. Apparently, AurA-G198N is able to rescue AurB mitotic function. In contrast, the inverse mutation introduced into AurB-N142G does not alter AurB localization, and rescue experiments after AurB suppression show that it seems to correctly rescue AurB function. In consequence, cells in which these mutants substitute for native AurB faithfully align chromosomes at metaphase and undergo normal cell cleavage, yielding mononucleate daughter cells ( Figure 7D ).
Despite the substantial differences of localization and function between the two paralogue Aurora kinases, we therefore conclude that AurA retains a latent capacity to mimic AurB and that this capacity can be elicited with modification of a single residue.
Our results suggest that functional specialization among paralogue kinases can arise initially through subtle changes in the catalytic domain. Interestingly, such specialization of paralogue kinases seems to have repeatedly occurred. In Saccharomyces cerevisiae the three isoforms of protein kinase A play distinct roles. The Tpk2 subunit activates filamentous growth, whereas the Tpk1 and Tpk3 subunits primarily inhibit filamentous growth. Interestingly, the unique activating function of the Tpk2 subunit is linked to structural differences in the catalytic region of the kinase and not to differences in gene regulation or the unique amino-terminal region of the protein (Pan and Heitman, 1999) . Furthermore, two closely related yeast p21-activated kinase paralogues, Ste20 and Cla4, have distinct cell signaling roles. However, analysis of chimeras between the proteins has revealed that substitution of a single amino acid, T818, from Ste20 into Cla4 (D772T), conferred on Cla4 the ability to perform Ste20 specific functions (Keniry and Sprague, 2003) . As with the Aurora kinases, the transformation of function is unidirectional.
The Physical Basis of Aurora A Substitution for Aurora B
The principal binding partner of AurB is INCENP, which is both an allosteric activator and a substrate of AurB (Adams et al., 2000; Kaitna et al., 2000; Bishop and Schumacher, 2002; Bolton et al., 2002; Kang et al., 2002; Honda et al., 2003) . The crystal structure of Xenopus AurB bound to the highly conserved IN-box of INCENP has been solved (Sessa et al., 2005) . It shows that 29 residues of AurB make contact with INCENP, of which nine are different from AurA. We found that only two residues of human AurB, F72 and N142, display clear chemical differences from aligned residues in human AurA and that the corresponding AurA residues could, in theory, create substantial clashes for INCENP docking. Mutation of AurA W128 to the aligned AurB tryptophan (F72) was without effect. Substitution of asparagine into the aligned G198 residue of AurA caused the mutant protein to lose TPX2 binding (Figure 6 ), as shown previously (Eyers and Maller, 2004) .
Remarkably, we find the G198N mutant also causes AurA to bind INCENP and localize to centromeres (Figure 2, C and D) . In contrast, the inverse AurB mutant N142G does not lose INCENP binding or gain TPX2 binding, and it remains at the centromere (Figure 3 ). The switch in Aurora paralogue function through a single residue change is thus unidirectional.
The reason that AurA can readily switch to AurB localization and function, but not the inverse, may lie in the activation of AurB being a two-step process, involving first INCENP-induced allosteric change of AurB to the active conformation; and, second, opening of the catalytic cleft through separation of an ionic link between lysine (K) 97 and glutamate (E) 125 (Sessa et al., 2005) . In AurA the equivalent ionic pair (K153 and E181) is already separated in the unbound protein (Sessa et al., 2005) , reducing activation to a one step process, thus potentially simplifying the binding requirement of AurA-G198N to INCENP.
It is clear from our results that although the G198N mutant of AurA is essential to create an INCENP binding site, the aligned N142 of AurB ironically is not critical for IN-CENP binding. Other residues in the binding pocket must be compensating adequately in the N142G mutant.
Role of the Aurora N-Terminal Region
The N-terminal domains of AurA and AurB are highly divergent in sequence (Figure 1 ), suggesting they may play a role in Aurora localization and function. The N terminus of AurA indeed has a function. For example, N-terminal sequence of AurA is required for correct timing of mitotic entry and proper chromosome alignment in Xenopus, although the catalytic domain alone is sufficient to allow formation of a bipolar spindle (Liu and Ruderman, 2006) . Furthermore, GFP-AurA N-terminal constructs have demonstrated that the N terminus of AurA plays a role in centrosomal targeting in Xenopus cells (Giet and Prigent, 2001) . We have also demonstrated that the N-terminal of AurA has an important function in its localization to the centrosome, but our results now reveal that the AurB N terminus has no apparent role in mitosis (Figure 4) (Scrittori et al., 2005) and that the role of the AurA N-terminal region is complex.
We have demonstrated previously that a chimeric protein, consisting of AurA N terminus and AurB catalytic domain, functions indistinguishably from native AurB (Scrittori et al., 2005) . Thus, the catalytic domain of AurB has a dominant influence on localization and function. However, our present results demonstrate that the N-terminal region of AurA seems to have a prominent role in AurA localization. When we rescued AurB shRNA suppressed cells with an AurA-⌬120 N-terminal truncation construct, AurA-⌬120 (containing the catalytic domain only) did not associate with centrosomes but instead associated with kinetochores and did not visibly relocate to the spindle midzone in anaphase. These results lead us to conclude that, even without IN-CENP binding, the AurA catalytic domain has an inherent capacity to associate with the kinetochore that is inhibited by the N-terminal region. These results can be contrasted with those from AurA-G198N-⌬120, which both binds INCENP and locates to the inner centromere. Together, these results show that AurA, relieved of N-terminal constraints, contains the information necessary to associate with the kinetochore, but specific association with inner centromeres, and recruitment of other passenger proteins, requires INCENP binding.
The AurA-⌬120 construct suggests there seems to be a tug-of-war between the N terminus of AurA and the catalytic domain for localization at the centrosome rather than the kinetochore. The AurA 1-133 -AurB 78-344 -N142G mutant reinforces this conclusion. This mutant contains a catalytic domain that retains INCENP binding ( Figure 4B ), and this construct does not bind TPX2 (Figure 7) . Nonetheless, it variably associates with either the centrosome or the kinetochores and seems to be a physical manifestation of the tug-ofwar between the N terminus and the catalytic domain. The gain of centrosome targeting also could be interpreted as a result of a lower affinity for INCENP binding due to the N142G substitution. However, we note that AurB-N142G is competent to behave as an inner centromere passenger protein (Figure 3 ) that rescues AurB suppression ( Figure 7D ).
Resolving the Complexity of Aurora Binding Partners and Substrates
Both AurA and AurB have multiple interactions with binding partners, and each has a unique spectrum of phosphorylation substrates. Both the binding partners and the substrates determine the distinct roles that the two proteins play in cell physiology. In addition to TPX2, Ajuba and phosphatase inhibitor-2 are allosteric activators of AurA Satinover et al., 2004) . AurA is reported to have multiple other binding partners, including TACC3, Bora, HURP, and Hec1/Nuf2 (Barr and Gergely, 2007) . AurB associates principally with the chromosome passenger complex (CPC), and INCENP seems to be its principal binding partner that establishes this link. The other CPC proteins seems to associate with AurB through INCENP mediation (Vader et al., 2006) , with the possible exception of TD60 .
Perhaps because of their different localizations within the cell, the two Aurora kinases have distinct spectra of substrates. AurA substrates include p53, CENP-A, Lats2, RalA, HURP, BRCA1, Eg5, TACC3, PP1, CDC25B, MBP3, Nuf2, NDEL1, and Plk1 (Meraldi et al., 2004; Ohashi et al., 2006; Fu et al., 2007; Macurek et al., 2008) . In addition to histone H3, AurB substrates include survivin, INCENP, Borealin, CENP-A, MCAK, and Hec1/Ndc80 at the centromere (Meraldi et al., 2004; Ohashi et al., 2006; Fu et al., 2007) and MgcRacGAP, vimentin, and ZEN4/MKLP1 at the spindle midzone (Ohashi et al., 2006; Fu et al., 2007) . CENP-A uniquely seems to be a substrate first of AurA and then of AurB during mitotic progression . Strikingly, our results show that Aurora localization seems to dictate substrate accessibility, at least in the case of histone H3 phosphorylation. As is evident in Figure 7A , AurB suppression yields no apparent H3 phosphorylation, despite the constant presence of AurA, but rescue of AurB ablation with AurA mutants that localize to chromatin rescues H3 phosphorylation.
Our data permit some simplification of the complexity of substrate selection. Given that a single residue change alters AurA so that it binds to INCENP and rescues AurB mitotic function, we can conclude that INCENP binding seems to be the sole necessity to yield correct AurB localization and function both at the inner centromere and at the spindle midzone. The TPX2 binding site, in contrast, is not sufficient to localize AurA to the centrosome and its proximal microtubules, because N-terminal-deleted AurA localizes to kinetochores. The N terminus of AurA plays a clear role in its localization to the centrosome, whereas the N terminus of AurB, in contrast, plays no clearly identifiable role in the mitotic function of the protein.
The fascinating question that our data pose is whether the spectra of other binding partners and of phosphorylation substrates follow changes in localization, or if the two Auroras partially retain their distinct targets despite different localization. For example, certain roles of AurB in cell physiology may not be replaced by rescue with AurA-G198N, and this may compromise long-term survival of such rescued cells. With the system that we have established, such questions will now be addressable.
